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CHAPTER 1 
INTRODUCTION 
The study of the heavy-ion (HI) interactions has been a subject of 
growing interest in nuclear physics for many decades. A brief study 
including Rutherford's famous scattering experiment revealed that the 
atom consists of a small, positively charged nucleus, surrounded by 
electrons and nucleus itself consisted of nucleons (protons and neutrons). 
The force which holds these nucleons within the nucleus is naturally very 
complex and has no classical analog. The nucleus of an atom, like the atom 
itself, can exist in different quantum states characterized by their energies, 
angular momentum etc. [1]. 
The basic aims of nuclear physics research are to get information 
about the nuclear forces, structure of the nucleus, nature of interactions and 
decay characteristics of excited nuclei through the study of nuclear 
reactions. A nuclear reaction is said to be occur when target and the 
projectile of sufficient kinetic energy come close to each other with in the 
range of nuclear force to overcome the Coulomb barrier (CB) between 
interacting partners [2]. A nuclear reaction, in general, may be represented 
as: 
n y Y h 
z .« + z , ^ -^ z / + z,b (1.1) 
A 
In this reaction, 2, ^ is the projectile (nuclear particle or a nucleus) and 
X ^Y ^ 
z ^ -^ is the target nucleus, z,^ and z' b are the residual nucleus and the 
emitted particle (or ejectile), respectively. 
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Heavy-Ion Induced Reactions and Semi-Classical Approach: 
The term heavy-ion is generally used to mean nuclei heavier than the 
helium nucleus. For nuclei with A > 4, the internal structure becomes 
sufficiently complex, when two heavy ions interact with each other, many 
reaction channels become open, such as the transfer of clusters of nucleons 
and exchange of a large amount of angular momentum takes place [3]. The 
charge and mass of heavy-ions are larger than lighter ions, thus, energy and 
momentum carried by the heavy ions are relatively large. The above 
mentioned fact makes the study of HI reactions more complex because the 
projectile and target nuclei both are many body quantum systems. 
Nuclear interactions can only take place if the two-ion energy Ecm in 
their centre of mass system is high enough to overcome the Coulomb 
barrier (CB), and the associated de-Broglie wavelength (A) is much less 
than the nuclear dimensions i.e. compared to the radius of the target 
nucleus, which can be expressed as: 
where, Ecm is the centre of mass energy between two interacting partners. 
In such circumstances, one can treat HI reactions in semi-classical 
approach [2]. In semi-classical approach, one considers radial motion of 
ions classically and angular motion in central force field quantum 
mechanically. This approach makes it possible to give the description in 
terms of the minimal distance between two interacting ions ' r„i„', which is 
simply related to the impact parameter '6' as: 
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'W~) (1.3) 
where, K(r;„/„) is the nuclear potential acting between the interacting nuclei 
and Ecm is the centre of mass energy of the interacting system. A typical 
classical picture of HI interaction representing different processes at 
different impact parameter is shown in Fig 1.1. Depending on the impact 
parameter a great variety of phenomenon can arise in HI interactions which 
are given below: 
(i) Elastic (Rutherford) scattering or Coulomb excitation region (r^ ,>, > ,^v) 
(ii) Deep inelastic collisions (DIC) and incomplete fusion (ICF) region 
{RF < rmin < RDIC) 
(iii) Transfer reactions or peripheral collisions region {RDIC < r^m < ,^v) 
(iv) Fusion reactions region (0 < r„i„ < Rp) 
where, /?A^  = RJ + R2 is the sum of radii of interacting ions and 
Rf= 1.0 (Ap^^ + AT^^) is the minimum distance for the fiision. The ranges 
of the impact parameters associated with different processes are 
summarized in Table 1.1. 
It may be pointed out from Fig. 1.1, at low projectile energies deep 
below the Coulomb barrier (CB) and larger values of impact parameter 
(b > R;i), the projectile does not touch the target nucleus and is assumed to 
be elastically scattered through the Coulomb field, leading to the distant 
collision. For these collisions no mass is transferred from the projectile 
to the target nucleus and/or vice-versa, and only Coulomb potential ( Vc), 
centrifugal potential (Vcem) are important. 
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Elastic and ln«lastk scattering 
or Dir«ct reactions 
Peripheral collbions 
Grazing collisions 
Distant collisions 
Elastic scattering or Coulomb excftation 
Fig. 1.1: A pictorial representation of Heavy-Ion interaction. 
Table 1.1: Ranges of impact parameter and angular momentum 
associated with different types of HI interactions. 
Impact 
parameter (b) 
b>Rf,= (R,+R2) 
b^Rs 
b<Rs 
b«Rj^ 
Input angular 
Momentum(i ) 
i>£. 
lf^>l>i[^ 
Die -^ ^ -^ ^ /r 
e<(. 
Types of reaction 
Rutherford scattering or 
Coulomb excitation 
Transfer reactions or 
peripheral collision 
Deep inelastic scattering and 
incomplete fusion (ICF) 
Fusion reaction 
If the impact parameter is comparable to the sum of radii of the 
interacting nuclei, peripheral collision takes place and projectile can be 
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elastically or inelastically scattered leading to the transfer of one or a few 
nucleons from one ion to the other and system keeps its original symmetry 
in kinetic energy, mass etc. [2]. On further reduction of impact parameter 
{b < RM), the projectile interacts with the target nucleus at relatively high 
energy and produces the deep inelastic collision (DIC). In these collisions, 
the two ions form a dinuclear system which lasts for some time. A 
substantial energy transfer occurs, but only few nucleons are transferred 
from one to the other. When dinuclear system breaks, two fragments fly 
apart which are similar to the projectile and target and are called projectile-
like (PLF) and target-like fragments (TLF). In this impact parameter 
window another process may occur in case of light projectiles; "the break-
up fusion" or "incomplete fusion (ICF) reaction" in which the projectile 
breaks-up into two fragments, one of which fuses with the target while 
remainder proceeds as a spectator in forward direction with nearly the 
beam velocity. At lower projectile energies, if the impact parameter is 
reduced further (b « Rj^) the projectile may completely fuse with the 
target nucleus resulting in the formation of an excited composite system 
nucleus which may decay by emitting the particles and/or y-rays [2, 4-7]. 
The HI reaction dynamics may be explained in terms of effective 
potential between two interacting ions depending on the relative distance 
and angular momentum having the form [2, 8]: 
V,(r) = K(r) + VSr) + K,Jr) (1.4) 
where, V^{r) is the repulsive Coulomb potential, V^(r) is the attractive 
nuclear potential and F ,^„,(r) is the repulsive centrifugal potential between 
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two interacting ions. The Coulomb potential V^{r) may be given as: 
1 Z 7 e^ 
V^{r)= ' ^ \i r>R^ (1.5) 
^ns^ r 
and, ^ c ( ^ ) - / ^ ; ^ ; ' ' ( 3 - ^ ) \ir<R^ (1.6) 
where, R^.^ R^+R,, Zp and Zj. are the atomic numbers, R,, and R, are the 
radius of the projectile and the target nuclei, respectively. One of the 
commonly used forms for the strongly attractive nuclear potential 
representing all complicated interactions between two ions is Saxon-Woods 
form which may be given by: 
W = - ^ p r ^ (1.7) 
1 + exp 
\ a J 
where, R = r^lAl-'^ + Ap^] is the separation between the two ions when they 
are just touching with each other, V^ is the depth of potential, ' a ' is the 
diffusion parameter and r^ = 132fm. The repulsive centrifugal potential 
KeJr) is given by: 
''"'^ •^ ~ Y^~y'— (^ -^ ^ 
here, i is the relative angular momentum and// is the reduced mass of the 
interacting ions. As a representative case, the effective potential V, (r) as a 
function of separation between interacting ions (r) at different £ - values for 
the system '^ O + '^ ^Lu is shown in Fig. 1.2. It is note worthy that for the 
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smaller value of C there is a pocket in the potential which disappears with 
increasing^ . Fusion between two Hi's may only occur for those partial 
waves which allow the two ions to come sufficiently near to get trapped in 
the pocket. If not, the two ions are reflected back and do not fuse. This 
figure also shows that the pocket occurs at approximately constant relative 
separation distance. 
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Fig. 1.2: Plots of effective potential V, (r)for the system '*^ 0 + "*Lu as a 
function of relative separation between the interacting ions for 
different values of angular momentum (£ ). 
The impact parameter '/>' can be related to the corresponding orbital 
angular momentum i by the classical relation as: 
£h = ^vb = pb = hkb (1.9) 
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where, fd is the reduced mass, v and p the two-ion relative velocity and 
momentum, respectively. In general, the reaction cross-section related to 
the individual angular momentum values may be given as [8, 9]: 
0-, = n%\2i^\)T,{E) (1.10) 
where, T^{E) is the transmission coefficient for a particular i. wave at 
energy E. Using the above expression and summation over all partial 
waves, reaction cross-section may be given as: 
^ max 
o- =7tX'Y. i2i + l)T,(E) (1.11) 
( = 0 
Using the sharp cut-off approximation safely for energies above the CB: 
1 ^ ^ ^ m a x 
r. = 
0 i>i (^-12) 
Then the total reaction cross-section is given by: 
cr =Y, ^ (1.13) 
( = 0 
In higher energy region the maximum angular momentum to fuse l^^^, is 
referred to as the critical angular momentum ^^ .„,. Then we have: 
^ ml 
a=7r%'J]{2i + \)T,{E) (1.14) 
Using the sharp cut-off approximation given by equation (1.12), we have: 
a = ^x\e„„ + iy«^x'el, (,.,5) 
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Hence, the cross-sections for deep inelastic collision (DIC) and fusion may 
be expressed as: 
O^run TiP^ \L ^iQ ^ f) (1.16) 
and, Gp=n'k^rp (1.17) 
A qualitative picture of the reaction probability (cr) as a function of input 
DIG 
angular momentum (^ ) for different processes is shown in Fig. 1.3. 
i 
c 2 
u 
Si 
9. 
o 
c 
.2 
a: 
I 
{2e + l)7r^\y^\ \: 
yT ' ''/ 
/ i ' '• 
y^ \ 1,' Deep inelastic f 
y^ ,1. . a n d , ji 
y^ >' incomplete ,,' 
y^ ,\ fusion i'\. 
y^ Fusion ' u ,' 1 > 
Angular momentuin 
i = i 
Fig. 1.3: A typical representation of distribution of total reaction cross-
section for fusion (cr^), deep inelastic collisions {CFDIC) and direct 
reactions (cr ,^), as a function of angular momentum {C). 
Excitation energy and angular momentum play important role in 
fusion reactions. At projectile energy just above the Coulomb barrier, 
complete fusion (CF) and incomplete fusion (ICF) processes has been 
considered to be the dominant reaction modes [5-13]. 
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Complete Fusion (CF): 
In CF process, the entire projectile fuses with the target nucleus and 
formation of an equiilibrated compound nucleus comes into existence. For 
CN formation some of the essential conditions may be given as: 
• The projectile energy must be sufficient to overcome the Coulomb 
barrier (CB) of the two interacting ions. The Coulomb barrier (CB) in 
the centre of mass frame may be expressed as: 
\AAZT.ZP 
^^ = —^ (1.18) 
•where,R = r^iA^p^ + A^!^)andr^ = 1.32/m, Z/> and Zj are the atomic 
numbers, Ap and AT are the mass numbers of projectile and target, 
respectively. 
• The projectile and target should have maximum mass overlapping 
for formation of CN. 
Under these conditions, the attractive nuclear potential overcomes 
the sum of repulsive coulomb and centrifugal potentials during the 
projectile-target amalgamation. With the involvement of all nucleonic 
degrees of freedom, the accelerated projectile nucleus collides and fuses 
with target nucleus leading the compound nucleus formation. A qualitative 
representation of compound nucleus (CN*) formation and its decay via CF-
process is shown in Fig. 1.4. The CF processes are expected to be occur 
probably at zero/ very small values of impact parameters and for input 
angular momentum range o<e<£ „„ . In CF process, the linear momentum 
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transfers (LMT) entirely from the projectile to the target nucleus. As a 
result, the residues populated through CF process follow a larger range in 
the stopping medium. The mass of the composite system is nearly equal to 
the sum of the projectile and the target nuclei masses and the kinetic energy 
of projectile in the centre-of-mass frame is converted into the excitation 
energy of the CN. The equilibrated CN thus formed may decay by emitting 
the light particles and/or characteristic y-rays. Each particle takes away a 
definite amount of excitation energy from the equiUibrated system, but 
only a small amount of angular momentum. 
Formation of ON' 
CM-
Projactito(P) TargM(T) Captura K H ^ M C ^ 
(P*T) l a ^ ' s e c 
2 T^  
j> : 
^ 
la^^Mc 
Final Rsaction product 
Fig. 1.4: A typical representation of CF process. 
Incomplete Fusion (ICF): 
At relatively higher projectile energies and at finite values of impact 
parameters, CN formation is hindered and ICF starts competing with CF 
and CF gradually gives way to ICF, where the centrifiigal potential (Vce„,) 
CHAPTER 1 
INTRODUCTION 
12 
increases due to projectile-target interaction. Under the influence of Vcent, 
the driving angular momentum exceeds its critical limit (^ ^„,) for CF, as 
such, Vnuci is no stronger enough to capture entire projectile by the target 
nucleus. In ICF process, the break-up of the projectile may take place into 
two fragments near to the target nuclear field. A part of projectile fuses 
with the target nucleus revealing a less massive and charged excited 
incompletely frised composite system (IPC) which shows the fractional 
linear momentum transfer (LMT) from projectile to target, while remnant 
moves in forward cone with approximately projectile velocity. Hence, for 
ICF process, the fractional LMT having the proportionality with the fused 
fragment mass leads the ICF product to follow a shorter range as that of CF 
product [7, 11]. Moreover, relatively less nucleonic degrees of freedom are 
expected to be involved in case of ICF as that in CF. The formation of 
incompletely fused composite system (IFC) or CN' (due to the fiision of 
P') and its decay is represented in Fig. 1.5. 
Formation of IFC = CN' 
Proj«ctilt{P) Targtt(T) Capture 
n 
Decay of CN' 
Fig. 1.5: A typical representation of ICF process. 
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The prompt emission of a part of projectile (predominantly a-cluster 
in case of ^^e , '^ O and '^ C beams) allows a loss of input angular 
momentum (A^), so that another curve is attained corresponding to a lower 
i - value, as shown in Fig. 1.2. Some of the important features of the 
incomplete fusion (ICF) process are given below: 
(i) ICF reaction starts competing with CF reaction just above the 
Coulomb barrier, 
(ii) Mass transfer occurs prominently for mass asymmetric system, 
(iii) ICF processes are commonly observed in case of light projectile 
(Z<70)e.g.'2c,'^Oand^^Je. 
(iv) For ICF, the driving angular momentum {£ ) exceeds its critical limit 
(i ) for CF and shows a fractional transfer of momentum. 
The first experimental evidence of ICF reactions was given by Britt 
and Quinton [14], who observed the break-up of the incident projectiles 
like '^C, ''*N, '^ O into alpha clusters in an interaction with the surface of the 
target nucleus at ~ 10.5 MeV/nucleon bombarding energies. Subsequently, 
Galin et al. [15] was observed the break-up of projectile and termed such 
reactions, leading to the emission of'fast' alpha particles, as 'ICF reaction' 
or 'break-up fusion reaction'. The additional but concrete informations 
regarding ICF have been provided by Inamura et al. [16]. 
Several models have been proposed to explain the ICF reactions, 
such as Break-up fusion model [17] of Udagawa and Tamura, Sum-rule 
model of Wilczynski et al. [18] and promptly emitted particles (PEP) [19] 
etc. The existing models have been used to fit the experimental data above 
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10 MeV/nucleon energies. However, at energies less than 10 MeV/nucleon, 
no theoretical model is yet available to explain ICF process data 
satisfactorily. 
Though, several methods are available to study the HI reaction 
mechanism, however, information of considerable value may be extracted 
from the measurement and analysis of excitation functions (EFs), recoil 
range distributions (RRDs) and angular distributions of the residues 
produced in Hl-interaction. In most of the experiments the properties like 
charge, mass, energy, angular distribution etc., of light particles and/or y-
rays emitted in such reactions are measured. The evaporation residues, if 
radioactive, may also be identified by their characteristic y-rays and 
following their half-lives. 
Several techniques are used for the study of reaction mechanism, 
among which activation technique is one of the simplest but powerful 
method at low and medium heavy-ion energies. In this method, the 
activities induced in the radioactive residual nuclei are measured off-line. 
The main advantage of the activation technique is the possibility of 
measuring cross-section for the production of a large number of residues in 
a single irradiation. Thus, considerable economy of the accelerator beam 
time can be achieved. 
In the present work, in order to explore some of the important ICF 
reaction dynamics features, the informations of considerable value have 
been obtained from the measurements of forward recoil range distribution 
(RRD) which provide information about the linear momentum transfer 
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(LMT) to understand the ICF reaction mechanism. Forward recoil range 
distributions (RRDs) of the residues produced in the reaction '^ O + '^ ^Lu 
have been measured at ~ 96 MeV, using 15UD Pelietron Accelerator of the 
Inter University Accelerator Centre (lUAC), New Delhi. The 
measurements of RRDs have been used to separate out the relative 
contributions of CF and ICF components. 
For the present experiment, the forward recoil range distributions 
(RRDs) for the various reactions '^^Lu('^0, p3n)'^ ^Pt, '^'Lu('^0, p4n)'^ ^Pt, 
'''LuC'O, a f \ '''LuC'O, an)'«^Ir, '^^Lu('^0, a3n)'«^Ir, 
''^Lu('^0, ap3n)'*^0s, "^Lu('^0, ap5n)'^'Os, '^^Lu('^0, 2an)'^^Re, 
' "LU( '^0 , 2a2n)'*'Re and '^^Lu('^0, 3an)'^ ^"'Ta, have been measured. 
Moreover, this work is aimed to provide the new experimental data, which 
is not available in the literature to the best of our knowledge. The details of 
experiment set-up and techniques employed for the present work are given 
in the Chapter-2 of this dissertation. The experimental measurements 
regarding to the forward RRDs are described in Chapter-3. The Chapter-4 
deals with the observed results and discussion of the present measurements 
and references are given at the end of each chapter. 
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CHAPTER 2 
EXPERIMENTAL DETAILS 
In India, experimental research in heavy-ion physics started in late 
nineties with the availability of heavy-ion beams of suitable energy ranges. 
The interest has renewed in recent past with the establishment of the heavy-
ion Pelletron accelerator facilities at lUAC, New Delhi and at TIFR, 
Mumbai. It is possible to accelerate heavy ions (from hydrogen to uranium 
except the inert gases) with the capability of their acceleration at energies 
varying from a few tens of MeV to a few hundreds of MeV. In the present 
work, forward recoil range distributions (RRDs) of some evaporation 
residues recoiled in thin Al-catcher foils have been measured for 
'^ O + '"'^ Lu system at ~ 96 MeV using 15UD Pelletron Accelerator of 
lUAC, New Delhi. 
2.1 15UD Pelletron Accelerator: 
A schematic diagram of 15UD Pelletron accelerator at lUAC, New 
Delhi is shown in Fig. 2.1. Basically, it is a type of electrostatic accelerator 
similar to a Tandem Van-de-Graff accelerator [1]. The accelerator is 
installed in a vertical geometry in a stainless steel tank, which is 26.5 m 
high and 5.5 m in diameter. High voltage is produced in the middle of the 
tank, whose potential can varied from 4 to 16 MV. A multi cathode source 
of negative ions by cesium sputtering (MC-SNICS) is located at the top of 
the accelerator tower. The negative ions are initially accelerated to low 
energies (150-250 keV) in a short horizontal section and then bent through 
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90° using an injector magnet into the vertical column. The tank is filled with 
SFe gas of high dielectric constant at 6-7 atmospheric pressure to insulate 
the high voltage terminal from the tank wall. 
Interchangeable. _, 
Ion Sources 
Ion Accelerating Tube-
High Voltage Terminal-
Sulphur Hexa Fluoride-
Pellet Chains-
Injector Deck 
Injector Magnet 
Negative Ion 
Accelerator Tank 
Charge 
Equipotentlat Rings 
( ^ - - / Positive Ion 
Analyser Magnet 
To Switching Magnet 
Fig. 2.1: The schematic diagram of 15UD PeUetron Accelerator. 
The equipotential rings provide the uniform potential gradient 
through the accelerator tube. The injector magnet selects required ions 
beam and focuses the beam in both axial and radial planes. The singly 
charged negative ions coming from the ion source get acceleration from the 
ground potential to the terminal of high positive voltage Vt. The beam is 
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then made to pass through a charge stripper (gas of foil) which is located 
inside the terminal, where the ions stripped off some electrons thereby 
making them positive ions. Due to the repulsion by the high voltage 
terminal of positive potential, the positive ions are then repelled and 
accelerated below the terminal towards the ground potential. 
The high electrical potential at the terminal is achieved by a 
continuous transfer of charge to the terminal by means of the chain of steel 
pellets thereby the name "Pelletron Accelerator". If the charge state of the 
positive ions after passing through the high voltage terminal (F,) is q, then 
the energy gained in the acceleration below the terminal to the ground 
potential is qV,. Hence, the final energy of the ion beam after passing 
through the two stages of acceleration is given by: 
E ^Eo + (q + I)V, (2.1) 
where, Eo is the energy of ions before acceleration, q is the charge state 
after stripping. Finally, the accelerated ion beam is switched to the beam 
line of interest with the help of switching magnet. 
2.2 Activation Technique: 
The stacked foil activation technique is a method of measuring the 
cross-section of various evaporation residues produced as a result of 
reaction between two interacting partners. The unique combination of 
chemical and nuclear properties of each activation product provides a 
specific way for its identification and measurement [2]. In this technique, a 
target-catcher foils assembly may be irradiated by energetic incident 
particle/ions beam in a fixed geometry. Moreover, in an irradiated sample 
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several activities may be induced due to various radioactive nuclides of 
different reactions. Two methods may be used to determine the fusion 
cross-sections: 
(i) On-Line or In-Beam measurement. 
(ii) Off-Line or Off-Beam measurement. 
In case of In-Beam measurement, the reaction residues may be 
identified during the process of irradiation by various methods either 
directly from charge-to-mass ratio or using gamma-gamma coincidences. 
While in Off-Beam method the measurement of the induced y-activities for 
the populated residues may be done after the stop of irradiation. Each 
radioactive isotope has a unique decay mode which provides a specific way 
for its identification. Off-beam method has a relatively low back-ground as 
compare to that of the In-Beam method thereby the better sensitivity. The 
main advantage of the activation technique is the possibility of measuring 
cross-sections for the production of a large number of residues in a single 
irradiation thereby reducing beam-time requirements. In case of mixing of 
y-rays due to various radio nuclides, the contribution from each nuclide can 
be separated out on the basis of their half-lives by following the induced 
activities for a considerably longer duration [3]. 
Limitations: 
This technique is limited only for the radioactive reaction products 
having the measurable and convenient half-lives. It becomes more 
complicated due to the presence of y-radiations of almost similar energies 
from more than one reaction products. Also, the precise knowledge of y-ray 
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energies and complete decay schemes of the residual nuclei is essential for 
the activation analysis. 
2.3 Target Preparation: 
A preliminary set of measurements has been carried out in order to 
determine the forward recoil range distributions (RRDs) of evaporation 
residues using 15UD Pelletron Accelerator of the lUAC, New Delhi. The 
thin target of natural Lu (purity ~ 97.4%) was prepared by employing 
vacuum evaporation technique. This technique is commonly used for the 
thin target preparation. For the present work, the thin target of '^ ^Lu having 
the thickness ~ 659 |ig/cm was heated to its evaporation temperature in an 
evacuated chamber and the evaporated material is deposited onto a thin Al-
backing foil of thickness ~ 43 (xg/cm . A stack of 14 thin Al-catcher foils 
having the thickness lying between 36-70 i^g/cm was used as stopping 
medium for the produced recoiling residues. The Al-backing of target 
along with the stack of Al-catcher foils served both as energy degraders as 
well as catchers for recoiling residues to be trapped in catcher thickness. 
The energy lost suffered by 5.49 MeV a-particle obtained from "^"Am 
source, was used to determine the target and Al-catcher foils thickness. 
SRIM08 code [4] has been used for determining the thickness from the 
energy lost measurements. The sample was cut into the pieces of 1.2 x 1.2 
cm and pasted on Al-holders of regular size having concentric holes of 1.0 
cm diameter. The Al-holders were used for rapid heat dissipation produced 
during irradiation of target. 
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2.4 Target Irradiation: 
The irradiation of target with '^ O ion beam was carried out in the 
General Purpose Scattering Chamber (GPSC) of 1.5 m diameter, which has 
17S 
the in-vacuum target transfer facility. The Lu target backed by Al-
catcher was placed normal to the beam direction so that the recoiling 
residues populated via CF and/or ICF coming out of the target may be 
trapped at different catcher foil thicknesses. A typical experimental set-up 
used for the measurement of forward RRDs is shown in Fig. 2.2. 
Al - backing 
* 0 " beam 
"*Lu -Target 
Fig. 2.2: A typical experimental set-up for the RRD measurements. 
Keeping in view the half-lives of the interest, the target along with 
Al-catchers is irradiated for about 14 hrs using ~ 96 MeV '^ O ion beam of 
current ~ 20 nA. The mean energy of '^ O ion beam incident at half the 
thickness of each foil in the stack was calculated using stopping power and 
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range software SRIM08 [4]. The delay time between the stop of irradiation 
and the starting of counting may be minimized using the in-vacuum target 
transfer facility. The total charge collected in the Faraday cup, placed 
behind the target-catcher foils arrangement may be used to calculate the 
beam flux during the irradiation. The thicknesses of Al-catcher foils used in 
the present measurements are given in Table 2.1. 
Table 2.1: The thicknesses of Al-catcher foils used in '^ O + '^ L^u 
system for RRD measurements. 
S.N. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
Individual thickness 
(Hg/cm^) 
46.5 
36.5 
36.5 
36.4 
46.4 
36.4 
43.0 
52.3 
47.4 
49.0 
55.3 
69.5 
Cumulative thickness 
(Hg/cm') 
46.5 
83.0 
119.5 
155.9 
202.3 
238.7 
281.7 
334.0 
381.4 
430.4 
485.7 
555.2 
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2.5 Energy Calibration of the Detector: 
An essential requirement for any spectroscopic work is the energy 
calibration of the y-ray spectrometer and the identification of measured y-
rays. In case of activation technique, a large number of residual nuclei may 
be produced and each radio- nuclide has a number of y-rays, which provide 
a specific way for its identification. Therefore, in order to have the correct 
identification of the characteristic y-rays of evaporation residues, a detector 
of proper calibration with high resolution is required. Also, for a given 
source-detector geometry the detector efficiency must be known. In the 
present measurements, the activities induced in each catcher foil of the 
stack were recorded separately using a high resolution ( ~ 2 keV for 1.33 
MeV y-ray of ^°Co) High purity Germanium (HPGe) detector of 100 cm'' 
active volume coupled to a PC through CAMAC based FREEDOM [5] 
software at lUAC, New Delhi. The HPGe detector has been calibrated by 
using the standard '^ ^Eu y- ray source of known strength. The '^ ^Eu source 
may decay by emission of various intense and well resolved y-rays having 
the energy range from 120 keV to about 1410 keV. The prominent y-rays 
that are used in the detector calibration along with their intensities are listed 
in Table 2.2 and Fig. 2.3 represents the characteristic y-ray spectrum of 
standard '^ ^Eu source. 
2.6 Efficiency Determination of the Detector. 
The standard Eu y-ray source has been also used in the detection 
of HPGe detector efficiency. Variation of energy dependent efficiency for 
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Table 2.2: The prominent y-rays with their absolute intensities in 
standard *^ E^u y-source used for calibration of detector. 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
Gamma-rays 
energy (keV) 
121.1 
244.7 
344.3 
411.1 
444.0 
778.9 
867.4 
964.0 
1085.8 
1089.8 
1112.1 
1213.0 
1408.0 
Absolute Intensity 
e (%) 
28.6 
7.5 
26.5 
2.2 
2.8 
12.9 
4.2 
14.6 
10.2 
1.7 
13.6 
1.4 
21.0 
detectors of roughly same size and shape is similar even though the 
absolute values may differ. The detection efficiency can be calculated by 
using the relation may be given as: 
B 
^~ B,Qxp{-Zt)G0 ^^ -^ ^ 
where. Bo is the absolute disintegration rate of '^ ^Eu y-ray source at the 
time of manufacturing and B is the observed disintegration rate of the y-ray 
source at the time of experiment. A is the decay constant, ' r ' is the time 
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lapsed between the date of manufacturing and observation, d is the 
absolute intensity of the particular y-ray and G is the geometry factor, 
which takes into account, the solid angle subtended by the detector at the 
detector position. The probable error in the determination of the geometry 
factor may be avoided by calculating the geometry dependent efficiency by 
using the formula: 
B 
^ G = J5O exp(-;i06' 
where, S^ is called the geometry dependent efficiency of the detector. 
(2.3) 
1000 2000 3000 4000 5000 
Channel Number 
6000 7000 
Fig. 2.3: Characteristic y-ray spectrum of standard Eu source. 
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The standard source and irradiated target have been counted in the same 
geometry and the source-detector separation was kept different in order to 
keep the less dead time of counting, which is shown in Fig. 2.4. 
^fe^^ i 
• - • ' • ' ' , - • • • ' ' . i - ' • ' '-• - - - • ' • ' • 
Fig. 2.4: A typical arrangement for the source-detector separation 
assembly. 
The geometry dependent curves for the y-rays of different energies at 
different source-detector separations may be plotted using the ORIGIN 
software. Experimental data was found to be best fitted for these curves, 
having a polynomial of degree 5 of the following form given by: 
SQ = OQE^ + a^E^ + a^E^ +a-^E^ + a^E'^ + a^E^ (2.4) 
where, E being the energy of the characteristic gamma-rays and the 
coefficients «;, a2, as, a^  and 05 having different values for different source-
detector distances may be determined by least-square fit. In the present 
work, the counting was taken by keeping the catcher foils at distance 1 cm 
from the detector. A typical geometry dependent efficiency curve as a 
function of y-ray energies for the ^"EU source is represented in Fig. 2.5. 
CHAPTER 2 
EXPERIMENTAL DETAILS 
29 
0.040 
0.035 
0.0301-
5^ 0.025 
c 
5 0.020 h 
it 
LU 
0.015 y-
0.010 
0.005 
0.000 
T — ' — I — ' — r T ^ 
» Experimental 
J I L J I \ I L J i L 
200 400 600 800 1000 1200 1400 1600 
Gamma-Energy (keV) 
Fig. 2.5: A typical geometry dependent efficiency curve for ''^ E^u 
source. 
2.7 Errors Estimation: 
For the present measurement, various factors likely to introduce 
errors and their estimates may be given as follows: 
(i) The non-uniformity in the thickness of target material may lead to 
error in the number of target nuclei estimation [6], This has been 
taken care of by measuring the sample thickness at different 
positions. The error due to this factor is expected to be < 3%. 
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(ii) There may be fluctuations in charge collecting in Faraday cup 
thereby in beam current during the irradiation. Hence, these 
fluctuations may incorporate the uncertainties in the flux, which is 
estimated to be about 4%. 
(iii) The uncertainty due to statistical errors in the counting of standard 
source, fitting of the efficiency curve and the solid angle effect may 
lead to inaccurate measurement of detector efficiency. Error due to 
uncertainty in geometry dependent efficiency is expected to be < 9%. 
(iv) The inherent uncertainty in the dead-time of counting system may 
lead to error in counts. The dead-time correction has been minimized 
by adjusting the sample-detector distance, so that dead time is 
limited below 10%. 
(v) The errors due to the straggling effect of the ion-beam are found to be 
very small, and hence not considered. Moreover, the effect of the 
errors associated with spectroscopic data like branching intensity and 
half-life of the product nucleus, taken from the Table of Isotopes [7], 
have not been taken into account because of its negligible value. 
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The accurate measurement of the recoil range distributions (RRDs) 
of complex reactions with activation technique, in which several light 
nuclear particles and/or y-rays are produced with a radioactive residue, 
provides usefiil information about the CF and ICF mechanisms. During the 
recent years, the studies of light heavy-ion {Z < 10) induced reactions 
showed that ICF competes with CF just above the Coulomb barrier. In the 
present work, the RRDs of evaporation residues have been measured for 
I6Q ^ i75j^ y system at ~ 96 MeV using the 15UD Pelletron accelerator 
facilities of lUAC, New Delhi. Proper choice of projectile-target 
combination, incident energy, duration of irradiation, half-lives of induced 
activities and detectors of good efficiency are some of the basic 
requirements for accurate measurements of cross-sections. 
3.1 Detection of Evaporation Residues: 
As we have mentioned that each radio-active nuclide produced in the 
interaction of projectile with target has a unique decay mode and it comes 
to ground state by emitting characteristics y-rays, so identification of 
characteristic y-rays and their intensities provides the basic information 
about the specific evaporation residue. The y-ray activities induced in the 
different catcher foils during the irradiation, have been counted using a pre-
calibrated HPGe detector of 100 cm^ active volume coupled to a PC 
through CAMAC based FREEDOM [1] software. 
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The irradiation may be followed by Off-line measurement of the activities 
induced. In these measurements, the y-ray energy spectra of each catcher 
foil have been recorded at increasing times and the evaporation residues 
have been identified by their characteristic y-rays and also by measuring 
their half-lives. In case of mixing of y-rays due to different radio nuclides, 
the contribution of each nuclide can be separated out on the basis of their 
half-lives by following the induced activities for a considerably longer 
time. For the present measurement, a typical y-ray energy spectrum 
obtained from irradiation of- 96 MeV '^ O ion beam on '^ ^Lu is shown in 
Fig. 3.1. In order to identify the residues, different y-ray peaks in the 
spectrum may be assigned to residues using the FREEDOM [1] software as 
shown in y-ray energy spectrum. The residues have been identified by 
following their half-lives in the count-rate versus lapsed time plots. Thus, 
following the half-lives is an essential tool for residues identification. As a 
representative case, the experimentally observed decay curves for two of 
the identified residues, '^ ^Pt(p4n) and '*'*Ir(a3n) are shown in Fig. 3.2(a)-
(b). The essential informations regarding the half-life, absolute intensities, 
spin etc., used for the present analysis have been taken form the references 
[2-5]. 
In the present work, RRDs for the evaporation residues produced in 
the reactions '^^Lu('^0, p3n)'^^Pt,'^'LUC'^O, p4n)'^ ^Pt, "^Lu('^0, a)'^'lr, 
''^Lu('^0, an)'^r, '^^Lu('^0, a3n)'«V, '^^Lu('^0, ap3n)'^^0s, 
'^^Lu('^0, ap5n)'^'0s, '^^Lu('^0, 2an)'^'Re, "^Lu(''0, 2a2n)'^'Re and 
'^^Lu('^0, 3an)'^ '^^ Ta have been measured. The spectroscopic data for the 
measured reactions are listed in Table 3.1. 
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Fig. 3.1(a-b): A typical y-ray energy spectrum obtained from 
irradiation of- 96 MeV ^^ O ion beam with '^^Lu. 
CHAPTER 3 35 
FORMULATION AND MEASUREMENTS 
10' r 
g 10' 
(A 
i2 
c 
o 
o 
10' r 
10^  
• 
^ ^ 
r 
r 
—r-
T,«= 2.0 h 
1 ' 1 ' 
(a) . 
"'Pt(p4n) 
E = 689.2 keV 
1 
• 
^ \ ^ ^ -
I . I 
10000 20000 30000 40000 50000 
Lapse Time (sec) 
Ir (a3n) 
E = 119.7 keV 
10000 20000 30000 
Lapse Time (sec) 
40000 
Fig. 3.2(a)-(b): Experimentally observed decay curves for evaporation 
residues **^Pt(p4n) and '^Ir(a3n) produced in '^O + '^ ^Lu system at 
« 96 MeV energy. 
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Table 3.1: Measured evaporation residues with their half-lives, 
identifled y- ray energies and branching ratios. 
S.N. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
Reaction 
''^Lu(0, p3n)'^^Pt 
'^^Lu(0, p4n)'*^t 
•'VO, af\v 
"^Lu(0, an)'^V 
' ' 'Lu(0, a3n)'«'lr 
''^Lu(0, ap3n)'^^0s 
'^^Lu(0, ap5n)'*'0s 
'^^Lu(0, 2an)^^^Re 
'^^Lu(0, 2a2n)'^'Re 
'^^Lu(0, 3an)'^^'"Ta 
Half-life 
2.35 h 
2.0 h 
10.5 h 
15.8 h 
3.0 h 
13.0 h 
1.8 h 
64.0 h 
20.0 h 
2.45 h 
E^  (keV) 
106.5 
110.1 
201.7 
689.2 
177.6 
401.0 
137.1 
296.9 
434.8 
119.7 
263.9 
381.8 
238.7 
351.1 
360.7 
365.6 
213.4 
325.5 
426.3 
Branching 
ratio (%) 
8.8 
5.7 
6.5 
70.0 
2.6 
3.9 
41.3 
62.1 
33.8 
30.3 
67.5 
77.0 
44.0 
11.1 
20.0 
57.0 
81.1 
94.1 
97.1 
Spin, J'^  
3/2' 
0" 
3/2'' 
5" 
5" 
9/2^ 
1/2" 
7" 
5/2* 
7" 
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3,2 Formulation: 
The probability of occurrence of a particular nuclear reaction is 
generally described by the reaction cross-section. One may measure the 
cross-section of reaction products in order to get comprehensive 
information about the process of its formation. In the irradiation of a target 
by a projectile beam of flux (/>, the rate of production of a particular 
activation product is given by the expressed as: 
N = No^(^r (3.1) 
where, cTr is the reaction cross-section for a particular channel and No is the 
initial number of nuclei present in the target and may be given as: 
_ mN^f 
^ 0 - —Z (3.2) 
/ I T ' 
where, m is the target mass, NA is the Avogadro number, / is the 
abundance of the isotope in the target and Ar'is the target atomic weight. 
Let '//' be the time of irradiation of the target by the incident ion 
beam. Then, the expression which governs the disintegration rate of the 
induced activity in a given sample after a time '/' from the stop of 
irradiation may be given as: 
^1 =iv[!z!!5llf^ 
where, X is the decay constant of the activated nuclei and may be related 
with the half-life (Tj/2) as: 
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, In 2 
-^  = 7— (3.4) 
-'1/2 
and, the factor [l-exp(-A/i)] is called the saturation correction factor. It is 
noteworthy that produced radioactive isotope may decay during the 
irradiation. The number of decays of the induced activity in a very small 
time interval dt may be given by the relation: 
JV[l-exp(-^,)]^/ 
^ = — ^ ; ; ^ H ^ ) — (3-5) 
If C be the induced activity in the irradiated target, recorded for a 
time period 'fj' after a time of'^2' froni the stop of irradiation, then the total 
number of nuclei decayed between the time t2 and {12+13) may be given as: 
=^1: +'3 dN (3.6) 
C = j^r [i - exp (- ^r,)][l - exp (- /I/3)] ^^^^ 
X exp (/l?2) 
The absolute counting rate ' C and the observed counting rate 'A' 
maybe given as: 
^ - 77JT f^-^' 
where, e^ is the geometry dependant efficiency of the y-spectrometer, 9 is 
the branching ratio of the characteristic y-ray and K is the self absorption 
correction factor for the y-ray in the target, which may be expressed as: 
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K = \\-Qx^p{-jLid)]ljjd (3.9) 
where, // is the y-ray absorption coefficient for the target and d is the 
target thickness. Then, the expression [6] which is extensively used to 
calculate the reaction cross-section cr^(£)at a given beam energy E, may 
be given as: 
^(E) = ^exp(;i/,) 
iVo^^c(9i^[l-exp(-;ir,)][l-exp(-/l/3)] ^^ -^ ^^  
where, A is the total number of counts recorded under the peak in time /j, 
No is the number of target nuclei, (f> is the incident flux, // is the irradiation 
time, t2 is the time lapsed between stop and staring of irradiation, ti is the 
recording time, 6 is the branching ratio, /I is the decay constant of the 
evaporation residue, £"G is the geometry dependant efficiency of the 
detector, K is the self-absorption correction factor of the y-ray in the target. 
Based on above the formulation, the measured reaction cross-sections of 
the populated residues have been calculated using a C"^  based computer 
program. 
3.3 Measurement of Recoil Range Distributions (RRDs): 
Keeping the view to get complementary information about the linear 
momentum transfer (LMT) in complete fusion (CF) and incomplete fusion 
(ICF) processes, forward recoil range distributions (RRDs) of various 
evaporation residues '^ ^Pt(p3n), '^ ^Pt(p4n), '*^Ir(a), '^ ^Ir(an), '^''lr(a3n), 
'^ ^Os(ap3n), '^'Os(ap5n), '^ 2Re(2an), '^'Re(2a2n) and "^'"Ta(3an) have 
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been measured at ~ 96 MeV '^ O ion beam in its interaction witii Lu 
target. The experimental cross-sections corresponding to various 
radioactive residues trapped in each Al-catcher foil has been measured by 
using the intensities of identified y-rays in individual catcher foils, with the 
help of expression (3.10). In order to obtain the normalized yield in 
[mb/(mg/cm )], the measured cross-section for each residue in individual 
catchers is divided by the respective thickness of that catcher foil. The 
resulting normalized yields of various evaporation residues as a function of 
cumulative catcher foil thicknesses provide the forward recoil range 
distributions (RRDs). The measured forward RRDs of various reaction 
products produced in the system '^ O + ''^Lu at ~ 96 MeV, are tabulated in 
Table 3.2-3.4. To the best of our knowledge the measured RRDs are 
reported first time for the present system. Based on the observed RRDs, the 
evaporation residues produced by CF and/or ICF are identified and 
presented in the Chapter-4. Also, the relative contribution of various 
incomplete fusion fragments (i.e. fusion of fragment '^O, '^C, ^ Be and "^ He) 
have been separated out by plotting the measured RRDs as a function of 
cumulative catcher foil thickness, which are shown in Section 4.2 of the 
Chapter-4. 
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Table 3.2: Measured forward RRDs of the evaporation residues 
'*>t(p3n), *^^Pt(p4n), ^^^Ir(a) and *^^Ir(an) in thin Al-catchers for the 
16r^ I 175, 
system '"O + "^Lu at ~ 96 MeV. 
Cumulative 
catcher-
thickness 
( i^g/cm^) 
46.5 
83.0 
119.5 
155.9 
202.3 
238.7 
281.7 
334.0 
381.4 
430.4 
485.7 
555.2 
Recoil range distribution (RRD) in units of 
'*Vt(p3n) 
53.7 
101.3 
184.1 
183.5 
298.4 
440.6 
584.1 
1007.6 
1278.4 
1622.0 
1432.0 
997.8 
'^^t(p4n) 
69.9 
106.8 
152.3 
215.6 
304.3 
412.1 
716.3 
1351.6 
1551.2 
1948.9 
1665.1 
1263.3 
'^'Ir(a) 
350.3 
314.5 
315.0 
335.1 
506.4 
629.9 
986.0 
1346.0 
1116.5 
836.0 
395.0 
386.0 
( mb ^ 
'^^lr(an) 
44.3 
49.8 
59.7 
70.6 
100.4 
197.2 
384.5 
709.3 
601.2 
472.0 
121.3 
72.5 
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Table 3.3: Measured forward RRD of the evaporation residues 
'*''lr(a3n), '*^Os(ap3n) and '**Os(ap5n) in thin Al-catchers for the 
system *^ 0 + '^ L^u at ~ 96 MeV. 
Cumulative 
catcher-
thickness 
(^g/cm^) 
46.5 
83.0 
119.5 
155.9 
202.3 
238.7 
281.7 
334.0 
381.4 
430.4 
485.7 
555.2 
Recoil range distriuunun \j\s\u) in uims oi 
•^ I^r(a3n) 
19.56 
18.4 
23.8 
24.6 
32.3 
26.8 
40.3 
51.6 
73.8 
89.6 
76.0 
46.7 
'^ ^Os(ap3n) 
-
-
10.7 
11.3 
11.5 
11.6 
16.6 
19.1 
16.0 
13.2 
-
10.8 
r mb ] 
^ mg 1 crn^ ^ 
'^'Os(ap5n) 
27.4 
28.2 
28.3 
31.3 
37.0 
32.9 
31.9 
52.2 
43.7 
36.3 
29.2 
29.0 
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Table 3.4: Measured forward RRD of the evaporation residues 
'^^Re(2an), ^^*Ir(2a2n) and '^ "^"TaCSan) in thin Al-catchers for the 
system '^O + '^ ^Lu at ^ 96 MeV. 
Cumulative 
catcher-
thickness 
(Hg/cm^) 
46.5 
83.0 
119.5 
155.9 
202.3 
238.7 
281.7 
334.0 
381.4 
430.4 
485.7 
555.2 
u , . + : ^ « r-DTiTW : ^ . , . , ;+o ^f 
K.eC011 r a n g e QlSir iuunun V^INJVI^^ m umia vji 
'^^Re(2an) 
432.0 
516.1 
632.0 
670.0 
676.0 
662.1 
585.0 
629.6 
586.0 
542.0 
428.0 
405.7 
'*'lr(2a2n) 
18.0 
11.2 
15.0 
22.2 
66.3 
47.6 
124.0 
226.9 
106.0 
45.9 
19.8 
18.1 
r mb ) 
^mg/cm^ ^  
"^•"TaCSan) 
11.9 
18.6 
24.3 
19.6 
30.4 
35.1 
22.3 
24.1 
21.8 
16.6 
13.7 
13.8 
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In the present experiment, the forward recoil range distributions 
(RRDs) for various recoiled residues '^ ^Pt, '^ ^Pt, '^'ir, '^ I^r, '^ I^r, '^ ^Os, 
'*'0s, '*^Re, '^'Re and '"'^ '"Ta populated via (p3n), (p4n), (a), (an), (a3n), 
(ap3n), (ap5n), (2an), (2a2n) and (a3n) emission channels, respectively, 
have been measured at ~ 96 MeV. The observed production yields 
corresponding to the evaporation residues (ERs) have been tabulated in 
Tables 3.2-3.4. In order to separate out the relative contribution of CF and 
ICF channels, the thickness independent measured cross-sections have 
been plotted against the cumulative Al-catcher foil thickness to provide the 
differential RRDs, which are shown and discussed briefly in Section 4.2 of 
this chapter. 
4.1 Most Probable Mean Range (Rp): 
In the RRDs measurements, one may differentiate the CF and ICF 
processes on the basis of recoil range, which is associated with the various 
degrees of linear momentum transfer (LMT) from projectile to the target. 
The LMT has the proportionality with the fused fragment mass; thereby 
maximum LMT may give rise to maximum recoil velocity to the populated 
residues. For a different LMT, the residues may have different recoil 
ranges in the stopping medium. Owing to fractional LMT, the evaporation 
residues populated via ICF channels traverse the smaller path in the catcher 
foils assembly as compared to the entire LMT in CF channels. 
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The relative contributions of various partial fusion components have 
been investigated by plotting the thickness independent cross-sections 
against the cumulative thickness and experimental recoil ranges of recoiled 
residues are fitted with Gaussian peaks using the software ORIGIN. The 
yield curves of evaporation residues obtained from RRDs are assumed to 
be Gaussian in nature, using the expression [1,2]: 
V - V I ^ -(R-R,,)'/2co'^ 
^ ~ ^ o + r 2 (4.1) yllno)^^ 
'A 
where, Rp is the most probable mean range, co^ is the width parameter 
(FWHM) of the recoil range distribution and A is the area under the peak. 
Further, the normalized yield may be estimated by chi-square fit (z^) from 
the experimentally determined production yield at different catcher foil 
thicknesses and may be represented as follows: 
Z' = ^-—{Y{A)-Y,iA)Y (4.2) 
m- p-\ 
In this analysis, the value of chi-square fit (/^) was minimized using 
a non-linear least-square fit routine, keeping the width parameter {COA) ^^'^ 
most probable mean range {Rp) of the evaporation residues as a free 
parameter. In cases of more than one fusion components, the component 
peaks can be resolved by multi-peak fitting using ORIGIN software. 
4.2 Discussion: 
Recoil range distributions (RRDs) provide information about the 
extent of linear momentum transfer (LMT) from projectile to the target in 
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the formation of a particular reaction product. The measured RRDs for 
various reaction products have been fitted with least square fit with the 
Gaussian peaks, and are shown in Figs. 4.1-4.4. The size of the circles in 
these figures includes the uncertainty in the yield values. The relative 
contribution of various fusion components (i.e. fusion of O, C, Be and 
''He) can be separate out by dividing the area under the peak of the 
corresponding fusion component by the total area associated with the 
distribution. 
The peak positions associated with dotted curves in these figures 
correspond to the entire linear momentum transfer of the projectile '^ O to 
the target Lu and the corresponding depth agrees with the recoil range 
expected for compound nucleus system (CN) using the classical approach 
and the stopping power and range software SRIM08 [3]. The peak 
positions associated with dashed, dashed-dot and dashed-dot-dot curves 
reveal to the fractional momentum transfer of the fragment '^C, ^Be and 
He of the projectile to the target, respectively, and the corresponding depth 
agrees with the mean recoil range expected for incompletely fused 
composite (IPC) system, formed due to the fusion of fragment '^C, ^ Be and 
He with target '^ ^Lu, respectively. The individual discussion for the 
measured forward RRDs is given as follows: 
Complete Fusion (CF) Channels: 
'^ ^Lu(0, p3n)'^ ^Pt and '^ ^Lu(0, p4n)'*^Pt Reactions: 
As shown in Fig. 4.1(a) and (b), the residues '^ ''Pt and ^^ P^t produced 
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in (p3n) and (p4n) emission channels, respectively, have only one Gaussian 
peak corresponding to the most probable recoil range « 443 and « 444 
|j,g/cm ,^ respectively in the stopping medium, which well agrees with the 
recoil range calculated for the compound system '^'AU* using the classical 
approach and the stopping power and range software SRIM08 [3]. This 
shows that the evaporation residues Pt and Pt are produced in the 
reactions '^^Lu(0, p3n) and '"'^ LuCO, p4n), respectively via CF of '^ O with 
target '^ ^Lu and the equilibrated compound system '^'AU* may decay to 
form '*'Pt and '^ ^Pt via the statistical emission of a single proton and two or 
three neutrons, respectively leaving behind the above residues, and may be 
expressed as: 
•''^ LuCO, a3n)**^ Ir Reaction: 
In case of a3n channel, as shown in Fig. 4.1(c) the measured RRD of 
residue Ir shows a single peak corresponding to the most probable recoil 
range ~ 435 jig/cm , which agrees with the recoil range calculated for the 
compound system '^'AU*. AS shown in Fig. 4.1(c), the close observation of 
forward RRD of '^ '*Ir reveals that this residue is indeed formed by the 
complete fusion of projectile '^ O with target '^ ^Lu indicating the entire 
linear momentum transfer from projectile to the target. The compound 
system '^'AU* may decay via statistical emission of one a-particle and three 
neutrons leaving behind the residue '^ ''ir, which may be represented as: 
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16 175 O + '"Lu 191 Au* 184 Ir + a + 3n 
184T It is noteworthy here that the RRD of Ir does not show any peak 
corresponding to the incomplete fusion (ICF) component even '^ '^ Ir is 
populated via the emission of a-channel. The absence of ICF in '*''*Ir 
indicates that the excitation energy of the incompletely fused composite 
(IPC) system Ir is insufficient for emission of three neutrons. The 
experimentally measured most probable ranges Rp(exp) deduced from RRD 
curves and theoretically estimated mean recoil ranges /?^ th) [3] for the 
residues produced only through CF channels are given in Table 4.1. 
E 
E 
E. 
•a 
!s 
>-
2000 -
1800 -
1600 -
1400 -
1200 -
1000 -
800 -
600 -
400 -
200 -
0 -
• I • I 
"*Lu(0. p3n)''^Pt 
I — I — I — I I » 
(a) 
• Experimental • . 
• - • Fusion of " o 4 
• « 
J L _ — I 1 I I I •J I I I I 
100 200 300 400 500 600 700 
Cumulative thickness(fig/cm^) 
Fig. 4.1(a): Gaussian fit to the experimentally measured forward recoil 
range distribution for the residue '*>t(p3n) populated in '*0 + '^ L^u 
system at ~ 96 MeV. 
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Fig. 4.1(b)-(c): Gaussian fit to the experimentally measured forward 
recoil range distributions for the residues '*^Pt(p4n) and '**Ir(a3n) 
populated in '*0 + ' '^u system at ^ 96 MeV. 
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Table 4.1: Experimentally measured most probable ranges Rp(exp) and 
theoretically estimated mean recoil ranges Rp{th) in i^g/cm^ for residues 
16, 175i produced via CF in '"O + "^ 'Lu system at ~ 96 MeV. 
Residues 
'^'Pt(p3n) 
'*^Pt(p4n) 
'^Va3n) 
CF of '^ 0 
•^p(exp) 
443 
444 
435 
^p(th) 
438 
438 
438 
Incomplete Fusion (ICF) Channels: 
175 J87i 175, Lu(0,a)'°'lr and "^Lu(0, an^^ l^r Reactions: 
The residues '* I^r and '^ I^r evaporated in reactions '^'Lu(0, a)'^ ^Ir 
and '^^Lu(0, an)'*^Ir are expected to be produced by complete (CF) and/or 
incomplete fusion (ICF) of '^ O with target '^ ^Lu. As shown in Fig. 4.2(a)-
(b), the measured RRDs for evaporation residues '^ I^r and '^ I^r show a 
single peak in their distribution pattern, corresponding to the relatively 
shorter range « 337 and « 353 ng/cm^ respectively. The observed recoil 
ranges of these residues well agree with the theoretically calculated range 
[3] as expected for incompletely fused composite (IFC) system '^ I^r* (due 
to the fusion of fragment '^C). Since, there is no higher range peak 
corresponds to thickness which is expected for entire linear momentum 
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transfer (i.e. for CF of projectile), hence these residues are not expected to 
be produced by complete fusion (CF) process. 
In case of above mentioned channels, owing to the property of ICF 
process the projectile O may break-up into two fragments: C and 
''He(a), when it comes near to the nuclear field of the target '^ ^Lu. One of 
the components '"^ C fuses with the target '''^ Lu leading to the formation of 
an incompletely fused composite (IFC) system Ir , which may decay via 
187 1 aft • 
emission of y-rays or a neutron to form Ir and Ir, respectively in their 
ground states. However, the remnant '*He(a)-particle moves in forward 
cone with projectile velocity. These reactions are expressed as: 
''OCC + a) + '''Lu => "Vr* + a{spectator) 
''OCC + a) + '''Lu => "Vr* + a {spectator) 
Thus, owing to the fractional linear momentum transfer, the peaks at 
shorter range indicate that the residues '^'ir and '^ I^r are produced via ICF 
only. The measured and calculated recoil ranges for these residues are 
given in Table 4.2. 
'^ ^Lu(0, ap3n)'^ ^Os and '^ ^Lu(0, ap5n)'^'Os Reactions: 
It may be observed from Fig. 4.2(c) that the measured RRD for the 
evaporation residue Os shows only one peak at cumulative thickness 
« 335 i^g/cm , corresponding to the theoretical recoil range (given in 
Table 4.2) expected for incompletely fused composite (IFC) system '^ I^r* 
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(due to the fusion of fragment C). For the population of Os, the 
projectile '^ O may break-up into '^ C and "^ HeCa) near the nuclear field of 
'^ ^Lu. One of the components '^ C fuses with the target '^ ^Lu forming an 
incompletely fused (IFC) composite system '^ I^r*, which may decay via 
statistical emission of one proton and three neutrons leaving behind the 
residue '^ ^Os and remnant '*He(a)-particle behaves like spectator. This 
reaction may be given as: 
" 0 ( ' ' C + a) + '''Lu ^ '''Ir* + a {spectator) 
While the RRD pattern of residue '^'Os as shown in Fig. 4.2(d), 
shows two peaks at cumulative thickness «; 351 |ag/cm (due to the fusion 
of fragment '^ C) and « 201 fig/cm^ (due to fusion of fragment ^Be), 
corresponding to the expected theoretical ranges [3]. It may be observed 
from the Fig. 4.2(d) that the relative contribution of C fusion for the 
population of residue '^'Os is found to be ~ 81%, while the ^Be fusion 
contributes ~ 19%. Thereby, the '^ C fusion gives major contribution in 
population of residue '^'Os. The relative contribution of '~C fusion and ^Be 
fusion is given in Table 4.3. The absence of higher range peak 
(corresponding to CF component) in Fig. 4.2 (c)-(d) reveals that residues 
Os and Os may not be populated via CF process. 
''OCC + a) + '''Lu => "Vr* + a {spectator) 
'''Ir* => '^'05 + p + 5n 
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Fig. 4.2(a)-(b): Gaussian fit to the experimentally measured forward 
recoil range distributions for the residues '*^Ir(a) and " I^rCan) 
populated in **0 + '^ L^u system at ~ 96 MeV. 
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Fig. 4.2(c)-(d): Gaussian fit to the experimentally measured forward 
recoil range distributions for the residues '^Os(ap5n) and '*'Os(ap3n) 
populated in **0 + *^ L^u system at ~ 96 MeV. 
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*^ ^Lu(0, 2an)'*^Re and "^Lu(0, 2a2n)'^'Re Reactions: 
It may also be assumed that in case of ICF, the projectile ' O may 
break-up into fragments (e.g. '^ C and '*He or ^Be and ^Be), when it comes 
near to the nuclear field of target nucleus. One of the fragments Be may 
fuse with the target Lu and formation of an IFC system Re may take 
place, which via emission of one neutron gives rise the population of 
residue '^ ^Re. While the remaining part ^Be (two a-particles) may escape as 
spectator without any interaction with the target. As shown in Fig. 4.3(a), 
the forward RRD of evaporation residue '^ ^Re shows two peaks in its 
distribution pattern, indicating the presence of more than one partial linear 
momentum transfer components associated with the cumulative catcher 
thickness of « 358 (due to the fusion of fragment '^ C) and « 179 |j,g/cm^ 
(due to the fusion of fragment ^Be), respectively. It may be pointed out 
that there is no peak corresponds to CF process. Thereby, it can be inferred 
that the residue '^ ^Re populated in the reaction '^^Lu(0, 2an) has the 
contribution only from ICF i.e. from fusion of fragments '^ C and^Be, and 
these fusion modes may be represented as: 
(a) Fusion of fragment '^ C 
''OCC + a) + '''Lu => '''Ir* + a (spectator) 
'''Ir* => '^^Re + a + « 
(b) Fusion of fragment ^Be 
''OCBe + 2a) + '''Lu ^ '''RQ* + 2a(spectator) 
'''RQ => '^^Re + n 
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1 O T ^ 
The relative contributions for the population of residue Re, coming 
from the fusion of fragments '^ C and ^Be are found to be = 43% and ^ 57% 
respectively. 
As can be seen from Fig. 4.3(b), the forward RRD of evaporation 
1 ft 1 
residue Re shows two peaks in its distribution pattern, corresponding to 
the recoil range « 329 and » 203 |ig/cm , which agree with the theoretical 
mean ranges [3] calculated for IFC system '*'lr (formed due to the fusion 
of fragment C which may decay into Re via emission of one a-particle 
and two neutrons) and IFC system Re (formed due to fusion of fragment 
^Be and may decay into *^*Re via emission of two neutrons) respectively. 
Also, the absence of CF component peak reveals that CF process does not 
I Q 1 
contribute for the production of Re. Thus, the presence of more than one 
partial linear momentum transfer component infers that the residue '^'Re is 
populated in the reaction ''^Lu(0, 2a2n) via ICF only. This reaction may 
be represented as: 
(a) Fusion of fragment '^ C 
" 0 ( " C + a) + '''Lu => ''Vr* + a {spectator) 
'''Ir* => •«' Re + a + 2n 
(b) Fusion of fragment ^Be 
'^OCBe + la) + " ' I M => "'i?e* + la {spectator) 
'^ ^Re- =e> '^'Re + In 
The relative contributions coming from the fusion of fragments '^ C 
and Be are found to be ~ 89% and ~ 11% respectively. Hence, the major 
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contribution for the production of evaporation residue '^'Re comes out 
from the '^ C fusion. 
'^ ^Lu(0, 3an)'^ '^"Ta Reaction: 
As shown in Fig. 4.4(a), the measured RRD of residue '"'^ "'Ta 
produced in (3an) emission channel has three clearly resolved Gaussian 
peaks, corresponding to the most probable recoil range « 350 and « 230 
and « 125 |xg/cm^ in the stopping medium, which well agree with the recoil 
ranges calculated [3] for the IFC system '^ I^r* (formed due to the fusion of 
fragment '^ C and may decay into '^ ^™Ta via emission of two a-particles and 
one neutron), IFC system '^ ^Re*( formed due to the fusion of fragment ^Be 
and may decay into Ta via emission of one a-particle and one neutron) 
and IFC system '^ ^Ta*( formed due to the fusion of fragment '^ He and may 
decay into '"'^ "'Ta via emission of one neutron) respectively. The absence of 
the peak corresponding to the CF process infers that the residue '^ '^"Ta may 
not be populated via CF. This reaction may be represented as: 
''OCHe + 3a) + '''Lu :=> '''Ta + 3a (spectator) 
'''Ta => ''""Ta + n 
Thereby, it may be inferred that the residue '^ *™Ta populated in the 
reaction '^^Lu(0, 3an) has the contribution only from ICF i.e. from fusion 
of fi-agments '^C, ^Be and "Ke. For the population of residue '^ "^"Ta, the 
relative contributions coming from the fusion of fragments '^C, *Be and 
'^ He are found to be ~ 35%, - 4 1 % and 24% respectively. 
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Fig. 4.3(a)-(b): Gaussian fit to the experimentally measured forward 
recoil range distributions for the residues '*^Re(2an) and '*'Re(2a2n) 
populated in ''^ O + '^Yu system at ~ 96 MeV. 
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Fig. 4.4(a): Gaussian fit to tlie experimentally measured forward recoil 
range distribution for the residue '^ '^"TaCaan) populated in'**0 + '^ L^u 
system at ~ 96 MeV. 
The experimentally measured most probable ranges Rp(exp) deduced 
from BIRD curves and theoretically estimated mean recoil ranges Rp(tbe) [3] 
for the residues produced through CF and/or ICF channels (i.e. flision of 
fragments '^C, *Be and ^He) are given in Table 4.2. 
The relative contributions coming from the fijsion of components '^C, 
Be and He for the evaporation residues populated through ICF channels 
are given in Table 4.3, The overall errors in relative contributions are 
expected to be less than 20%. 
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Table 4.2: Experimentally measured most probable ranges Rp(txp) and 
theoretically estimated mean recoil ranges Rp^the) in fig/cm for residues 
produced via CF and/or ICF components in '^O + '^ ^Lu system at 
~ 96 MeV. 
Residues 
'^^Ir(a) 
'^^Ir(an) 
'^^Os(ap3n) 
'*'0s(ap5n) 
'^^Re(2an) 
'*'Re2a2n) 
'^^•"Ta(3an) 
CF of '°0 
^p(exp) 
— 
— 
-
— 
— 
— 
— 
-^p(the) 
-
— 
— 
-
— 
— 
— 
ICF of '^0 
Fusion of '^C 
Rpiexp) 
337 
352 
335 
351 
358 
329 
350 
•^p(the) 
316 
316 
316 
316 
316 
316 
316 
Fusion of ^Be 
-^p(exp) 
— 
-
-
201 
179 
203 
230 
-^pCthe) 
-
-
-
212 
212 
212 
212 
Fusion of'He 
J^piexp) 
-
-
-
-
— 
-
125 
•^p(the) 
-
-
-
-
-
-
121 
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Table 4.3: Measured relative contribution of CF and/or ICF 
components for residues produced in *^ 0 + '^ ''Lu system at ~ 96 MeV. 
Residues 
'*^Ir(a) 
•^^r(an) 
'*^0s(ap3n) 
'*'0s(ap5n) 
'^^Re(2an) 
'*'Re2a2n) 
''*"'Ta(3an) 
CF of '^0 
-
-
-
-
-
-
-
ICF of'^O 
Fusion of'^C 
100% 
100% 
100% 
81% 
43% 
89% 
35% 
Fusion of Be 
-
-
-
19% 
57% 
11% 
41% 
Fusion of''He 
-
-
-
-
-
-
24% 
Conclusions: 
The present study regarding tlie measurement and analysis of 
forward RRDs of evaporation residues strongly revealed the significant 
16/ 175T 
contribution from ICF reaction mechanism in O + Lu system at ~ 96 
MeV. Different partial linear momentum transfer components are attributed 
to the transfer of '^ C and/or '^ Be and/or '*He from the projectile '^ O to the 
target nucleus Lu. It may be concluded from the present study that the 
residues are not only populated via CF but ICF is also found to play an 
important role in the production of various evaporation residues. The 
present finding is also supported by excitation function (EF) measurements 
and their comparison with PACE-2 code, reported elsewhere. 
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